A novel protease produced by Aeromonas caviae was purified and characterized. The molecular weight of the protease (AP19) was estimated as 19 kDa on SDS-polyacrylamide gel electrophoresis. The protease activity was not inhibited completely by heating at 100°C for 15 min. The proteolytic activities were inhibited by metalloprotease inhibitor. The N-terminal amino acid sequence of AP19 was VTASVSFSGRCTN. AP19 did not activate Aeromonas proaerolysin, and did not show fluid accumulation in the rabbit intestinal loop test. A high concentration of the protease showed cytotoxic activity against Vero cells.
Introduction
Aeromonas caviae (belonging to HG4: hybridization group 4 as described by Borrell et al. [1] ) is a gramnegative bacilli which causes diarrhea and some extraintestinal infection in humans. Several extracellular proteins including b-hemolysin [2] , cytotoxic enterotoxin [3] , protease [4, 5] and vacuolating toxin [6] are known to be secreted by A. caviae. Although the pathogenic mechanisms of these proteins remain to be clarified, they might be related to the virulence properties. In relation to bacterial virulence, proteases play a role in the destruction of tissues, activation of toxins and the intercellular signal network [7, 8] . For example, A. hydrophila protease hydrolyzed casein and elastin, and the LD 50 of the A. hydrophila aphB mutant was about 100 times higher than that of the wild type [9] . Pseudomonas aeruginosa elastase cleaved IgA, increasing lung inflammation and stimulating alginate synthesis, and the correlation between the production of protese and the clinical state of cystic fibrosis have been reported [10] . A range of protease produced by members of the family Vibrionaceae [11, 12] are considered to be involved in the pathogenesis.
The proteases of A. hydrophila and A. salmonicida have been well characterized, whereas few investigations on A. caviae proteases have been reported [5, 13] , and many remain to be clarified. When Toma et al. [5] studied a 34 kDa metalloprotease (AP34) of an A. caviae strain HS1 isolated from a diarrheal patient, they also found a highly active 19 kDa protease within the same organism. However, they failed to purify the protease. Further analysis of this small molecular protease has not been performed so far. The aim of this study is to purify and characterize the 19 kDa protease using the A. caviae strain Ae6.
Materials and methods

Bacteria and culture conditions
A. caviae strain Ae6, isolated from a diarrhea patient in Okinawa, was cultured in 500 ml of YEP (yeast extract 5 g, NaCl 5 g, Bactopepton 10 g l À1 ) medium in 3 l flasks at 30°C for 15 h with shaking. Other strains stocked in our laboratory were used if necessary. Aeromonas strains were identified by biochemical tests and RFLP of the PCR-amplified 16S rRNA gene [1] .
Purification of protease
The culture supernatant was salted out with 60% saturated ammonium sulfate. The precipitate collected by centrifugation was suspended in 50 mM Tris-HCl (Tris) buffer (pH 8.0) and dialyzed against the same buffer at 4°C overnight. The dialyzed material was applied to a diethyl amino ethyl (DEAE) Sephadex (Pharmacia Co. Biotechnology, Uppsala, Sweden) column equilibrated with Tris buffer. The protease eluted in the void volume of the DEAE column was pooled and dialyzed against 10 mM phosphate buffer (PB), pH 6.7, for 4 h. The dialyzed material was applied to a carboxyl methyl (CM) Sephadex C 50 (Pharmacia Co. Biotechnology, Uppsala, Sweden) column equilibrated with PB. The protease was eluted with 0.2 M NaCl-PB. Each fraction was subjected to SDS-PAGE and a 2% skim milk agar plate to confirm the purity and protease activities. The purified sample was concentrated by ultrafiltration (Filtoron; Filtron technology Co., MA, USA).
Preparation of proaerolysin
Proaerolysin was purified from a recombinant E. coli transformed with the aerA gene of Aeromonas veronii biovar sobria with a pCR 2.1 cloning kit (Invitrogen, Co., CA, USA) and a His tag cloning kit (Qiagen, Hilden, Germany), as described by Song et al. [14] . Briefly, a PCR primer set for aerA containing a Bam H1 or Hind III cleavage site was designed; CCGGGATCCGCTG-AACCTGTCTACCCTGATC (sense) and CCCAAG-CTTTTGAACCGGAACTATGGTCAG (antisense), in accordance with the database (Accession No. X65046). The PCR product (1.4 kbp) was cloned into the pCR 2.1 vector (Invitrogen, Co., CA, USA). Subcloning was performed in pQE30 vector (Qiagen, Hilden, Germany), and E. coli M-15 was transformed with the recombinant plasmid. The transformed E. coli M-15 was treated with 1 mM IPTG, and the produced Histidin-tagged aerolysin was purified with an Ni-NTA Spin Columns (Qiagen, Hilden, Germany).
Protease and hemolysin activity
The protease activity was examined by a single-diffusion test in agar containing 2% skim milk or 0.3% gelatin zymogram. Quantitative analysis was performed with a test tube method using azocasein (Sigma Chemical Co, St. Louis, MO, USA) as a substrate. Briefly, 250 ll of purified enzyme solution was added to 250 ll of azocasein (0.1%) in 50 mM Tris-HCl (pH 7.5) buffer. The mixture was incubated at 37°C for 1 h. The reaction was terminated by adding 1.75 ml of 5% trichloroacetic acid and keeping on ice for 30 min. The mixture was centrifuged at 7000 rpm for 10 min and 1 ml of the supernatant was added to 1 ml of 0.5 M NaOH. After mixing, the absorbance was measured at 420 nm. The heat stability of the protease (50 lg ml À1 ) was examined by heating at 37, 50, 60, 70, 80, 90°C or boiling for 15 min and the proteolytic activity was compared to the sample without heating. The optimum pH for the proteolytic activity was examined by using buffers with a variety of pH: 0.1 M citric acid (pH 3.0-6.0), 0.1 M Tris-HCl (pH 7.0-8.0), and 0.1 M glycine-NaOH (pH 9.0-10.0). The effects of protease on the aerolysin were carried out against human erythrocytes. A serial twofold dilution of aerolysin (25 ll) was mixed with an equal volume of protease in 96-well micro-dilution plates. After incubating at 37°C for 4 h. Fifty microliter of 1% erythrocytes were added to each well and incubated at 37°C for 2 h, followed by overnight incubation at 4°C. Trypsin was used as a proaerolysin-activating positive control by a previously described procedure [15] . As the purified proaerolysin (15 lg) was activated by Trypsin at 0.1 lg at 37°C, non-activity on proaerolysin was decided when non-hemolysis was found at a rate of more than 1:100 (proaerolysin:protease). The inhibitory effects of the following compounds were determined by the azocasein test tube method: ethylene diamine tetraacetate (EDAT), tetra ethylene pentamine (TEP), 1,10-phenanthroline (OPA), phenylmethylsulfonyl fluo-
Following incubation of the protease with these compounds at 37°C for 30 min, residual activity was measured.
N-terminal amino acid sequence
The N-terminal amino acid sequence was determined by automated Edman degradation on an Applied Biosystem 477A protein sequencer.
Antiserum preparation and immunoproperties
A Japanese White rabbit was immunized subcutaneously with 100 lg of purified protease emulsified with an equal volume of Freund's complete adjuvant. One hundred micrograms of protease and Freund's incomplete adjuvant were used for the boosting injections. To determine for specificity or neutralization activity of the serum, agar gel double immunodiffusion test and neutralization of skim milk proteolytic activity test were performed. Twenty-five microliters of AP19 (50 lg), anti-AP19 serum and anti-AP34 serum were received on each wells on the 1.2% agar plate or on the agar supplemented with 2% skim milk plate. The plate was incubated at 37°C for 18 h in a petridish to retain moisture.
Electrophoresis and western blotting
Sodium dodecyl sulfated-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting were carried out by the methods of Laemmli [16] and Towbin et al. [17] , respectively. A molecular marker (New England Biolabs, MS, USA) was used as a standard. Gelatin (0.3%)-gel zymography analysis was used to characterize protease activity of AP19. After electrophoresis, gel was washed in 50 mM Tris-HCl (pH 8.0)-2.5% TritonX-100 for 1 h to remove SDS and incubated overnight at 37°C in 50 mM Tris-HCl (pH 8.0) buffer containing 2 mM CaCl 2 . Protein band with gelatinase activity in the gel was visualized by Coomassie blue staining. Bovine thyroglobulin (BTG), Human lactoferrin (HLF), collagen, elastin, Bovine serum albumin (BSA), a-anti Trypsin, and rabbit immunoglobulin G (IgG) were used as a substrate of AP19 to determine substrate specificity. Each substrates (300 lg ml À1 ) were incubated with AP19 (50 lg ml À1 ) at 37°C for 3 h, and 5 ll of the sample were analyzed on a 12% SDS-PAGE gel.
Biological assays
The rabbit ileal loop test was performed by the method of De and Chatterje [18] . After 100 ll of sample (500 lg ml À1 ) injected into 4-5 cm of gut, the fluid accumulation was read after 18 h. A volume to length ratio of more than 1.0 of fluid per cm of intestine was regarded as positive. Crude cholera toxin at 5 lg ml À1 and sterile PBS were included as positive and negative controls, respectively. The cytotoxicity of the protease was assayed using Vero cell monolayer grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fecal calf serum by the method of Asao et al. [19] . Cell was seeded in 96 well tissue culture plate at 10 4 cells per well. Sample (500 lg ml À1 ) was diluted twofold with DMEM and added to the Vero cell monolayers. After 24 h of incubation at 37°C in the presence of 5% CO 2 , cytotoxic activities were recorded. The cytotoxic titer was defined as the reciprocal of the highest dilution of the sample that demonstrated 100% destruction of the cells. Crude shiga toxin and sterile PBS were used as positive and negative controls, respectively.
Results
Characterization of protease
The molecular weight of the protease (AP19) was estimated at about 19 kDa by SDS-PAGE ( Fig. 1(a) ), and the proteolysis was presented at the same position ( Fig. 1(b) ). 2-Mercaptoetanol or dithiothreitol did not affect the migration and gelatinolytic activity. AP19 was active in the pH range from 5.0 to 10.0 and the optimal pH was 7.5. AP19 was inactivated by EDTA, TEP and OPA, but was not affected by the other inhibitors tested ( Table 1 ). The azocasein hydrolytic activity of AP19 was reduced by heating as the temperature increased to 70°C. Then, the activity was partially recovered as the temperature increased further to 100°C (Fig. 2) . The N-terminal amino acid sequence of AP19 was VTASVSTSGR. A homology search of AP19 using FASTA showed 80% similarity to A. hydrophila epr A1 protease [20] and to A. salmonicida extracellular exotoxin AsaP1 (GenBank, Accession No. AF550405). Other homologous bacterial proteins to AP19 were Bacillus subtilis YlnF uroporphyrin-III C-methyltransferase (89%), Mycoplasma penetrans Met-tRNA synthetase (80%), and Azotobacter vinelandii UvrC protein (88%). In agar gel double-diffusion analysis, AP19 formed a single precipitin line against anti-AP19 serum (Fig. 3(a) ), and the anti-serum inhibited the proteolytic activity of AP19 but not the 34-kDa metalloprotease (AP34) on a skim milk agar plate (Fig. 3(b) ). In Western blotting, the anti-serum reacted with only AP19 in the culture supernatant, but not with the other proteins in the sample (data not shown). Digestion of various proteins by AP19 was examined (Fig. 4) . AP19 Fig. 1 . SDS-PAGE and gelatin-gel zymography analyses of AP19: (a) SDS-PAGE analysis of the purified AP19. The sample was suspended in 2.5% SDS-125 mM Tris-HCl, pH 6.8, and heated at 100°C for 5 min. Electrophoresis was carried out on a 12% polyacrylamide gel. The gel was stained with Coomassie brilliant blue. (b) Proteolytic activity was detected using a 12% SDS-PAGE gel co-polymerized with 0.3% gelatin. Line 1, molecular weight marker; line 2, purified AP19. degraded BTG, HLF, collagen, elastin and BSA but not IgG.
Distribution of AP19 reactive antigen
AP19 antigen was widely distributed in many Aeromonas species, as examined by Western blotting (Table 2 ).
Biological activity
AP19 had no enterotoxic activity producing fluid accumulation in the rabbit ileal loop, and did not activate After incubation of protease with these compounds for 30 min at 37°C, residual activity was measured. EDTA: ethylene diamine tetraacetate; TEP: tetra ethylene pentamine; OPA: 1,10-phenanthroline; PMSF: phenylmethylsulfonyl fluoride; TAME: Fig. 2 . Effect of temperature on protease activity: AP19 (50 lg ml À1 ) was incubated for 15 min at the indicated temperature and the residual protease activity was measured by azocasein assay as described in Section 2. The residual protease activity was presented as % relative activity. The activity of AP19 at 37°C was taken as 100%. The error bars represent standard deviations (n ¼ 3). proaerolysin. However, it had cytotoxicity in Vero cells at a high protein concentration of 500 lg ml À1 .
Discussion
Originally, we found a novel protease through the observation that there was potent proteolytic activity in a fraction of culture supernatant in which protein was almost undetectable. Concentrating the sample solution revealed the protein with a 19 kDa molecular weight.
AP19, a 19 kDa protease isolated from A. caviae, was identified as a Zn/Fe-metalloprotease. AP19 has two specific characters, heat stability and a low molecular weight. A heat-stable protease isolated from the A. caviae strain NRRLB-966 was previously reported by Karunakaran and Devi [21] , but it was an Mg 2þ /Ca 2þ -dependent serine protease, and the reaction of the protease to heating was different from that of AP19. Although they used crude culture supernatant as the protease sample, the report indicated the presence of a heat-stable protease other than AP19 in an A. caviae strain. A low molecular weight protease was also reported previously by Loewy et al. [22] , but it was isolated from A. hydrophila, heat-labile and sensitive to disulfide bond-reducing reagents. Therefore, we concluded that AP19 is a novel heat-stable and low molecular weight metalloprotease which has not been reported so far. The heat stability of AP19 is similar to the Arrehenius effect reported in Vibrio parahaemolyticus and P. aeruginosa [23, 24] .
A search of the sequence with NCBI BLAST showed no significant homology with any known proteins. In FASTA search, some protease of non-Aeromonas bacteria showed high similarity to AP19. The similarity to Aeromonas protease was found in that reported by Chang et al. [20] . They found a 29 kDa heat-labile protease (EprA1) and a 67 kDa heat-stable protease from an A. hydrophila strain AH1. The sequence from Val-174 to Arg-183 of the 29 kDa protease was identical to the N-terminal amino acid sequence of AP19.
To clarify the contribution of the disulfide bridge, glycosylation, and the lipid molecules in the protease to the heat stability, we examined the effects of 10 mM 2-mercaptoethanol or dithiothreitol on protease activity, and PAS and silver staining for detection of glycosides and lipid moiety, respectively. The disulfide-reducing reagents did not show any effects on the heat stability of the protease, and no glycoprotein or lipid components were detected (data not shown). These results suggest disulfide bonds and lipids or glycolic modification by posttranscription may not contribute heat stability. So, the mechanism of heat stability and the Arrhenius effect of the protease remain to be clarified. Study of the thermostability of a protease has suggested that the alpha-helix structure [25] and Ca 2þ binding sites in the molecules [26, 27] are important for the thermostability. The study of such 3-dimensional structures may clarify the mechanism of the heat stability of AP19.
To investigate the role of AP19 in pathogenicity of A. caviae, the rabbit ileal loop test, hemolytic activity test, aerolysin activation test and cytotoxicity test in Vero cells were performed, but did not account for the pathogenesis. Although Aeromonas aerolysin is activated after cleavage of prohemolysin by protease [14, 15] , AP19 did not activate proaerolysin. AP19 produced the vacuolation of Vero cells, but the phenomenon was seen only when extremely high concentrations of protein (more than 500 lg ml À1 ) were used (data not shown). The vacuolation of Vero cells is usually produced by bacterial hemolysin [28, 29] , but AP19 does not have hemolytic activity. There is a report that non-hemolytic A. hydrophila produced vacuolization of cultured cells [30] , therefore, there must be some factors to produce vacuolization in Aeromonas species. AP19 degraded various substrates studied in this experiment (Fig. 4) , suggesting AP19 may be contributing some pathogenicity. Further work could be carried out to determine the pathological actions of the AP19 on a wider range of host substances.
Bacterial protease has been known to contribute to not only protein degradation but also intracellular molecule modification with a complicated mechanism, and may lead to the pathogenesis of organisms [8] . Although AP19 protease is widely distributed among the clinical and environment isolates of different genospecies, it has not been studied so far. Considering the unique properties of the protease, attention will be focused on AP19 to understand the pathogenicity of Aeromonas.
